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The visualization of accurate colour information using quantum dots has been
explored for decades, and commercial products employing environmentally
friendly materials are currently available as backlights'. However, next-generation

electroluminescent displays based on quantum dots require the development of an
efficient and stable cadmium-free blue-light-emitting device, which has remained a
challenge because of the inferior photophysical properties of blue-light-emitting
materials®®. Here we present the synthesis of ZnSe-based blue-light-emitting
quantum dots with a quantum yield of unity. We found that hydrofluoric acid and zinc
chloride additives are effective at enhancing luminescence efficiency by eliminating
stacking faults in the ZnSe crystalline structure. In addition, chloride passivation
through liquid or solid ligand exchange leads to slow radiative recombination, high
thermal stability and efficient charge-transport properties. We constructed double
quantum dot emitting layers with gradient chloride content inalight-emitting diode
to facilitate hole transport, and the resulting device showed an efficiency at the
theoretical limit, high brightness and long operational lifetime. We anticipate that
our efficient and stable blue quantum dot light-emitting devices can facilitate the
development of electroluminescent full-colour displays using quantum dots.

Ever since the quantum dot light-emitting diode (QD-LED) was sug-
gested as an ideal display*, continuous efforts have been devoted to
improvingits performance?®’. The external quantum efficiencies (EQEs)
of state-of-the-artred, green and blue QD-LEDs are 20.5% (ref. %), 23.9%
(ref.®) and 19.8% (ref.”), respectively, which are regarded as the theo-
retical limits considering light out-couplings. In terms of operational
lifetime, red and green QD-LEDs have shown sufficient lifetimes of
Tos=3,800 h (ref.®) and T,5=2,500 h (ref. ¢), respectively, but the sta-
bility of blue QD-LEDs is much poorer® (T,s, time for the brightness
to decrease to 95% of the initial value). Previous studies suggested
that the causes of the short lifetime are non-radiative recombination®,
built-up charge at the QD-electron transport layer (ETL) interface™®
andinstability of ligands under an electric bias®. Another critical issue
is the toxicity of cadmium?, which is a severe obstacle to commerciali-
zation. Recently, environmentally friendly InP-based red QD-LEDs
showed comparable performances to Cd-based QD-LEDs in terms of
EQE (21.4%) and lifetime (T,s= 615 h at 1,000 cd m2)". However, the
best-controlled emission wavelength of InP was too long to be a blue
emitter, and the highest photoluminescence quantum yield was only
76% (ref.'2). InP/GaP/ZnS QDs showed a photoluminescence quantum
yield of 81% at 480 nm with a low EQE of -1% (ref. ). ZnSe-based QDs
have been investigated as a potential Cd-free blue emitter**". Recently,
ZnTeSe QD-LEDs showed EQE =4.2% with a short lifetime (75, =5 min
at200 cd m2; Ty, time required for the brightness to decrease to 50%
of theinitial value)', and the same authors reported animproved EQE
of up to 9.5%, but without stability, by using modified ETLs". Here, we
present a method for the preparation of efficient blue ZnTeSe/ZnSe/

ZnS QDs. The emission wavelength is tuned at 457 nm by Te doping,
and the photoluminescence quantumyieldisimproved by up to100%
by removing stacking faults and passivating surface-dangling defects
with chlorides. In addition, further CI” treatment replaces native ali-
phaticligands toimprove thermal stability and charge injection/trans-
port. Moreover, the emitting layer (EML) is designed as double stacks
with a gradient Cl concentration for efficient charge recombination.
The resulting device shows an EQE of up t0 20.2% with a brightness of
88,900 cd m?, and T4, =15,850 h at 100 cd m2, which are the highest
values reported so far for blue QD-LEDs.

Figure lasummarizes the synthetic scheme used to prepare ZnTeSe
core, ZnTeSe/ZnSe core/shell (C/S) and ZnTeSe/ZnSe/ZnS core/shell/
shell (C/S/S) QDs, including transmission electron microscopy (TEM)
images. The Te/Seratio was determined as 6.7 mol%in the core (diame-
ter,3.1nm) to tune the emission wavelength inthe blue region (457 nm).
The thicknesses of the ZnSe and the ZnS shellswere 2.6 nmand1.2nm,
respectively, and their elemental compositions were analysed using
inductively coupled plasmaatomic emission spectroscopy (ICP-AES).
The emission wavelengths as a function of the Te concentration, core
size and ZnSe thickness were also calculated with the effective mass
approximation (Extended Data Fig.1d-f). The size distributions of the
core,C/Sand C/S/S QDs appear to beless than10%, and the C/S/S QDs
have a cubic shape showing zinc blende structures (Extended Data
Fig.1). As the ZnSe shell evolves, stacking faults are easily generated;
these are most clearly shown as a hazy pattern between the (022) and
(113) diffraction planes in high-resolution TEM (Fig. 1b), and also as
broadened shoulder peaksin the X-ray powder diffraction (XRD) image
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Fig. 1| Characterization of ZnTeSe/ZnSe/ZnS QDs. a, Schematic illustrations of
the synthesis of ZnTeSe (core), ZnTeSe/ZnSe (C/S) and ZnTeSe/ZnSe/ZnS (C/S/S)
QDs, with corresponding TEM images. The chemical compositions (atomic
ratios) measured with ICP-AES are: core (Zn:Te:Se = 0.571:0.027:0.4), C/S
(Zn:Te:Se =0.521:0.002:0.476), C/S/S (Zn:Te:Se:S=0.528:0.001:0.255:0.215).

b, Selected-area diffraction (SAED) patterns for two types of C/S/S QDs (top) and

(Extended Data Fig.2a). The original lattice distance of the (111) surface
is 0.32 nm, but the stacking fault has alarger distance of 0.35 nm, cor-
respondingto the shoulder at 26° (smaller than the diffraction angle of
27° of the (111) peak). Orfield et al.”® also reported that stacking faults
of CdSe/CdS QDs facilitate non-radiative recombination. Similarly,
our C/S/S QDs contained many stacking faults before the optimiza-
tion and showed a poor photoluminescence quantum yield of 50%
(Extended Data Fig. 2). Suspecting that stacking faults were caused
by steric hindrances from bulky aliphatic ligands, we added ZnCl,and
hydrofluoric acid (HF) during the shell growth. The ZnCl, was able to
replace the bulky ligand, resulting in a photoluminescence quantum
yield of upto 77%.Inaddition, HF was able to detach the ligand by pro-
tonation, but exposed surfaces developed oxidized states, whichwere
effectively etched out by HF. As aresult, stacking faults were reduced
remarkably, and the photoluminescence quantum yield was enhanced
upto70%. We employed halides at the early stage of ZnSe shell growth
to control the growth directions because it was expected that halides
could effectively stabilize certain facets. Indeed, ZnCl, induced the
development of edged structures with well defined (100) or (111) facets.
The high photoluminescence quantum yields of the QDs prepared
with HF or ZnCl, are also reflected by the longer decay times in the
time-resolved photoluminescence (TR-PL) spectra (Extended Data
Fig.2d). The addition of HF increased the average decay time (7) from
26.4 ns to 43.4 ns by suppressing fast decay components. Meanwhile,
ZnCl, induced an additional slow decay mode and the overall  was
increased to 77 ns, implying that CI” passivation created a pathway
other thanband-edge transition. When we used both HF and ZnCl, dur-
ing the shell growth, stacking faults were almost completely removed,
resulting in an enhanced photoluminescence quantum yield of 93%.
However, the spectral width of current C/S/S QDs was rather broad (full
width at half-maximum, 36 nm), which was caused by delocalized hole
traps dueto heterogeneous Teincorporation'? and the energy levels
of the Cl™-passivated surfaces®. The effect of the Te concentration on
the optical properties and the schematic energy diagram are shown
in Extended Data Fig. 2e-g.

Before using C/S/S QDs in LEDs, native oleic acid (OA) ligand was
replaced with ZnCl, through twosteps of ligand exchange: aliquid-phase
treatment (denoted as C/S/S-CI(l)) and a film-washing treatment
(C/S/S-CI(f)) (Fig. 2a). Because ZnCl, provides better passivation of
surface defectsthan OA, C/S/S-CI(I) QDs showed a photoluminescence
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HF and ZnCl,

corresponding high-resolution TEM images of a single particle (bottom),
prepared without additives (‘None’, left) and prepared with HF and ZnCl,

(‘HF and ZnCl,, right). Yellow dotted lines indicate the locations of stacking faults
(SF) and red dotted lines show the normal zinc blende crystalline layer. Insets,
diffraction patterns measured along the [110] and [001] axes.

quantumyield of100% (Fig.2b), and the Tr-PL spectrum reveals that the
decaytimeincreasedto 67.4 ns (Extended Data Fig. 3a). To understand
the microscopicorigins of CI” passivation, we used density functional
theory (DFT) to calculate the binding energies of the acetateion (Ac’;
arepresentative carboxylic acid) and the CI” ion on the ZnS surface
(Fig. 2c). We assumed that only Zn atoms are exposed on the (100)
surface of a cubic structure, based on the Zn-to-chalcogenide ratio
obtained from ICP-AES. Our calculation showed that anions bound
to Zn dangling bonds stabilized the surface energy, and that the CI”
ligand was favoured over Ac™ for all possible coordinations (Extended
Data Fig. 4). Because each Zn atom has two dangling bonds with 0.5
electrons, it binds to one anionic ligand for full passivation, with the
formation of either a monodentate or a bidentate bridge. As the Ac”
ligand coverage exceeds 50%, the binding energy starts to decrease
owing tosteric hindrances. Previous studies showed similar trends?%,
with halides passivating cramped sites better than bulky ligands. In
addition, the density of states indicates that mid-gap trap states near
the valence band maximumin under-passivated surfaces (Ac,/Zn,) are
eliminated by the additional CI (Ac,Cl,/Zn,) (Fig. 2d), which explains
the improvement in photoluminescence quantum yield after ligand
exchange. Furthermore, because the spectral width and the radiative
decaytimeincreased, we suspected that the Cl passivation potentially
contributed to changes in energy transitions?. Thermogravimetric
analysis (TGA) indicates that the amount of the initial OA ligand on
C/S/S QDs was 11.3 wt%, which corresponds to 19% of the surface Zn
atoms (Extended Data Table 1). Because our optimized structure in
the DFT calculation shows that Zn atoms have bidentate coordina-
tions with OA, which is also supported by Fourier transform infrared
spectroscopy (FT-IR; Extended Data Fig. 3e), 38% of the surface Zn
can coordinate to OA (OA,/Zn,). After ligand exchange with ZnCl,, the
amount of coordinated OA to Zn atoms was reduced to 24%, and Cl
could combine with another 68% of Znatomsbased on the Cl/Znratio
obtained from X-ray photoemission spectroscopy (XPS). However,
when ZnCl, removes OA excessively, QDs tend to aggregate in the
solution, which can be detected by dynamic light-scattering (DLS)
measurements (Extended Data Fig. 3f-h). Therefore, we prepared a
C/S/S-CI(l) film and washed it with ZnCl, solution to strip residual OA
and produce a C/S/S-CI(f) film. The photoluminescence properties are
maintained after the film-washing treatment (Extended Data Fig. 3b,
c). The carbon contents from XPS and the characteristic vibrations of
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Fig.2| Chloride passivation of surface defects. a, Schematic drawing of the
ligand exchange with ZnCl, in the liquid phase (ZnCl,(1)) and further exchange
through film-washing treatment (ZnCl,(f)). b, Absorption and photoluminescence
(PL) spectraof'the QDs. Inset, photograph taken under illumination at 365 nm;
fromleft to right: core, C/S, C/S/S and C/S/S-CI(l)). ¢, Relaxed configurations of

COO"intheFT-IRdata(1,545cm™and 1,403 cm™) showed that about half
of OA was removed from C/S/S-CI(l) during the solid-state exchange.
The elemental ratio Cl/Zn increased from 0.1to 0.18, whichiis equiva-
lent to 119% of bidentate Zn coordination (Extended Data Table 1). We
also noticed that the thermal stability of the CI™-passivated QD films
improved remarkably. Whereas the C/S/S QD film retained only 19%
of the initial photoluminescence intensity after baking at 150 °C, the
Cl™-passivated C/S/S-CI(l) and C/S/S-CI(f) films kept 76% and 90% of
the initial photoluminescence, respectively (Fig. 2e), because of the
strong CI”binding?.

Smallinorganicligands are also advantageous for charge injection/
transportin QD photovoltaics and transistors>*. However, most exist-
ing QD-LEDs use native organic ligands to maintain the luminescence
efficiency. Previous studies on ligand-exchange QD-LEDs have reported
thatreplacing OA with octanethiolin ZnCdS/ZnS QDs enhanced the EQE
1.7 times¥, and the use of electrochemically inert amine ligand in CdSe/
CdS QDs extended the lifetimes of red- and blue-emitting LEDs by up
to T4s=3,800hat 1,000 cd m™2and T5,=10,000 hat 100 cd m, respec-
tively®. Recently, Li et al. applied thionylchloride to green-emitting
QD-LEDs and obtained the highest so far brightness of 460,000 cd m™
by enhancing the charge density. However, the authors reported an EQE
of 6.4% without alifetime test?. We fabricated a QD-LED with a double
EML consisting of C/S/S-CI(l) and C/S/S-CI(f) layers toimprove charge
injection/transportand recombination simultaneously. Aschematic of
thedevice structureis showninFig.3a, including the energy levels for
eachlayer.Inthe double EML, C/S/S-CI(f) with the smallest amount of
OAwas used as the bottom layer for efficient hole transport. Compared
tothe QD-LED with pristine C/S/S, the current density of the QD-LEDs
with C/S/S-CI(f) increased 200 times at 3.5V, and the turn-on voltage
decreasedto 2.6 V.We believe that the hole injectionbecame more facile
because of the OA removal, even though the valence band maximum
measured with photoelectron spectroscopy deepens from -5.5 eV to
-6.0eVasthe amount of Clincreases (Extended Data Fig. 5a, b). Besides,

ZnS (100) surfaces with ligands for the under-passivated (Ac,/Zn,) and the fully
passivated (Ac,Cl,/Zn,) states. d, Calculated density of states (DOS) for Ac,/Zn, and
(Ac,Cl,)/Zn, surfaces. E,, valence band maximum:; £, conduction band minimum.
e, Dependence of photoluminescence stability of QD films on the annealing
temperature. a.u., arbitrary units.

the low conduction band minimum of C/S/S-CI(f) allows easy access of
electrons from the ZnMgO ETL. The QD-LEDs with C/S/S, C/S/S/-CI(I)
and C/S/S-CI(f) showed a brightness of 25,000 cd m, 40,120 cd m™
and 68,220 cd m2and EQEs of 8.0%, 10.2% and 14.3%, respectively.
Theimprovementsin EQE and brightness agree well with the photolu-
minescence trends observed after thermal annealing of each QD. During
the spin-coating of the double EML, the bottom layer retained 97% of
theinitial thickness after the ZnCl, washing treatment, and the subse-
quent top layer coating maintained uniform morphology (Extended
DataFig.5c-e). The depth profile of the CI” content inthe double EML
was measured using TEM energy-dispersive X-ray spectroscopy (EDX)
(Fig.3b, Extended DataFig. 5f,g). Our optimized device showed consid-
erableimprovementsin both efficiency and brightness of up to 20.2%
and 88,900 cd m™, respectively. To check the reproducibility, we pre-
pared 90 devices with the same structure, which displayed an average
EQE 0of 17.0% and average brightness of 72,873 cd m ™ (Extended Data
Fig.6a,b). The operational stability wasimproved remarkably; T, was
measured as 442 h at theinitial brightness of 650 cd m™ (Fig. 3f), which
was equivalent to 15,850 h at 100 cd m~2 according to the empirical
acceleration factor of 1.9 (Extended Data Fig. 6d). These are outstanding
performances compared to those of previously reported blue QD-LEDs,
including Cd-based ones (Extended Data Table 2).

To elucidate the effect of the CI” passivation on the QD-LEDs, we
prepared single-carrier devices (Fig. 4a), which showed that both the
electron and hole currents increased substantially after the CI” pas-
sivation. Fittings with a space-charge-limited current model indicate
that the hole mobility increased by an order of magnitude after the
Cl” passivation. Because the electron mobility stillincreased, but much
less thanthat of the holes (Extended Data Fig. 7a-f), the differencesin
the electron and hole mobilities could be resolved by CI™ passivation.
Mott-Schottky analysis (Extended Data Fig. 7g, h) confirmed that the
flat-band potentials in hole-only devices (HODs) and electron-only
devices (EODs) changed similarly. To probe the recombination zone, we
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preparedadouble EML with atop layer doped with 5% red-emitting InP/
ZnSe/ZnS QDs". Stronger red emission was observed near the turn-on
voltage, as the bottom layer contained more CI (Fig. 4b, Extended Data
Fig. 8a-c). This reveals that charges recombine at the hole-transport
layer (HTL)-EML interface when the holes are slow, and the recombina-
tion zone moves into the EML as the holes becomes faster. Therefore,
we could confine the recombination zone inside the QD EML by con-
trolling the Cl concentration. Because the operational lifetime of blue
QD-LEDs sstill lower than those of red or green devices, we compared
the photoluminescence and electroluminescence intensities from the
QD-LED toinvestigate the degradation mechanism. When the electrolu-
minescence decreased to 50%, the photoluminescence still maintained
more than 85% of its initial intensity (Fig. 4c). Therefore, the internal
quantum yield drop might not be the origin of the short lifetime. We
alsofound that the driving voltage increased during operation, and that
thisincrease was alleviated by the CI” passivation (Fig. 4d). Thisled us
tosuspect thatthe depletion of the TFB (see Methods) or ZnMgO layer
could be more responsible for our device failure than the QD EML. A
previous study suggested that the deterioration of the ZnO ETL is the
main reason, because of the high electron-injection barrier against
QDs'®. When we compared the current-voltage profiles before and after
the lifetime test (Fig. 4d inset), we observed a distinctive drop in the
current density over the entire voltage range. Dynamic modulus plots
obtained by impedance spectroscopy®**° showed that the carrier injec-
tionwas retarded after operation; the capacitive semi-circle remained
athigh voltages, and the deviation from the initial state appeared inthe
high-frequency regime. This implies that the degradation associated
with the ZnMgO ETL (Extended Data Fig. 8d) is the biggest cause for
theinferior stability of the blue QD-LEDs. Furthermore, the increased
resistance caused by the deterioration of the ETL could make the QDs
experience highly charged states.

Insummary, the amount of Te doping in the core was tuned for per-
fect blue emission at 457 nm. A high photoluminescence quantum
yield of 93% was obtained for the ZnTeSe/ZnSe/ZnS QD by using HF
and ZnCl,, and additional CI” passivation through a ligand-exchange
processimproved the photoluminescence quantum yield of the C/S/S
QD t0100%. Solid-state exchange with ZnCl, made the QDs thermally
robust and conductive. In addition, a DFT calculation of the surface
ligands revealed that Cl binds more strongly than OA and removes
traps by passivating dangling bonds. The CI” passivation improves
charge transport considerably, so that the EQE and the brightness of
the QD-LEDs are substantially enhanced. Moreover, our optimized blue
QD-LED with double EML showed an EQE close to the theoretical limit
(20.2%) and abrightness of 88,900 cd m2with long operating lifetime
(T5,=15,850hat100 cd m™).
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Methods

Materials

Tri-n-octylamine (TOA, = 99.0%), OA (90%), oleylamine (OAm; tech-
nical grade; 70%), diethylzinc (Et,Zn; 1.0 M in hexane), zinc acetate
(Zn(0ACc),; 99.99%), zinc chloride (ZnCl,; anhydrous; 99.95%), sulfur
(flakes; >99.99%), selenium (granules; 99.99%), tellurium (99.999%),
diphenylphosphine (DPP; 98%), HF (48%) and tri-n-octylphosphine
(TOP; 97%) were purchased from Sigma Aldrich. All other chemicals
were also purchased from Sigma Aldrich and used as received unless
otherwise noted.

Synthesis of ZnTeSe core

OA (13.5 mmol) and OAm (9 mmol) were mixed with TOA (50 ml) in
a four-neck flask by stirring and heated to 120 °C under vacuum.
Then, the temperature was further increased to 240 °C under N, flow
(800 mImin™).Et,Zn (9 mmol) was added into the reaction medium, and
thenamixture of2M Sein TOP (4.5mmol), 0.1M Tein TOP (0.3 mmol)
and DPP (4.5 mmol) wasinjected quickly toinitiate the reaction. During
theinjection of Et,Zn, careful manipulation of the pressure under the
N, flow was required. After 40 min, the ZnTeSe cores were isolated by
centrifugation using ethanol and were dispersed in hexane.

Synthesis of ZnTeSe/ZnSe/ZnS QDs

Zn(0Ac), (4.8 mmol) and OA (9.6 mmol) were mixed with TOA (80 ml)
solvent in a four-neck flask by stirring, and the mixture was heated to
120 °C under vacuum and kept at that temperature for 15 min. After
the atmosphere was changed to N,, the mixed solution was heated to
280 °C to prepare the Zn(OA), precursor, and then cooled to 240 °C.
The ZnTeSe core (optical density of 0.54 at 383 nm, 8 ml) was quickly
injected into the Zn(OA), precursor. Diluted HF (10 wt%, 0.44 ml) and
ZnCl, (0.09 mmol) inacetone were added to the reaction mixture, and
the temperature wasincreased to 340 °C. During the addition of dilute
HF and ZnCl, in acetone, careful manipulation of the pressure under
N, flow was required. For ZnSe mid-shell growth, 18 mmol of Zn(0A),
in TOA and 2M TOP-Se (12.0 mmol) were added at 340 °C and reacted
for1h.ForZnSshellgrowth, 9.6 mmol of Zn(OA),in TOA and 22.4 mmol
of IMTOP-Swere added and further reacted for 1.5 h. We balanced the
precursor concentrations to control the reaction rates for the growth
of the core and of each shell, and maintained the metal precursor in
excess of the stoichiometric ratio during the reaction. The resulting
ZnTeSe/ZnSe/ZnS C/S/S QDs were isolated by centrifugation using
ethanol and dispersed in hexane.

Ligand exchange in theliquid phase

The as-synthesized C/S/S QDs (optical density of 0.25at 420 nm, 6 ml)
were separated by centrifugation using ethanoland re-dispersedin 6 ml
cyclohexane. 0.022 mmol of ZnCl, (7.3 M ZnCl, in ethanol solution) was
added to the C/S/S QD solution. The mixture was heated to 80 °C and
maintained for 30 min. Then, the QDs (C/S/S-CI(l)) were separated by
centrifuging twice and were re-dispersedin octane. All processes were
carried outin aN,-filled glove box.

Material characterization

The absorption and photoluminescence spectra of the QDs were meas-
ured with aultraviolet-visible spectrometer (Varian Cary 5000) and a
fluorescence spectrophotometer (Hitachi F7000), respectively. The
photoluminescence quantum yield was determined using a QE-2100
integrating hemisphere (Otsuka). TR-PL spectrawere obtained with a
FluoTime 300 fluorescence lifetime spectrometer (PicoQuant). TEM
analysis was performed on a Titan ChemiSTEM electron microscope
operated at200 keV. Scanning electron microscopy (SEM) images were
obtained using a HitachiS-4700 system with an accelerating voltage of
5.0kV.XPS measurements were carried out usingaQuantera Il system
equipped with amono-chromatized Al Ka source. XRD patterns were

recorded by a D8 Advance (Bruker) instrument using a Cu Ka source.
TGA was performed from 20 °Cto 600 °C at a heating rate of 10 °Cmin™*
under N, using a Trios V3.2 system (TA Instruments). FT-IR data were
measured by a Varian 670-IR spectrometer with an ATR hemisphere.
The hydrodynamic particle sizes of the QDs in solutions were deter-
mined using a particle-size analyser (ELSZ-2000, Otsuka). The ioniza-
tion potential was measured by a photoelectron spectrophotometer
(AC3, Riken Keiki) in air.

Device fabrication and characterization

Patterned indium tin oxide (ITO) glass (Techno Print Co. Ltd; sheet
resistance ~10 Q per square, thickness 150 nm) was cleaned with acetone
and isopropanol (IPA) in an ultrasonic bath and then dried. Oxygen
plasma treatment was applied for 20 min using a ultraviolet ozone
cleaner (Jelight, UVO144AX-220). A 70:30 (per volume) mixture of
poly(ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS;
Heraeus Clevios, Al 4083) and IPA was spin-coated on the ITO glass at
2,200 rpmfor50s, followed by baking at 150 °Cfor10 mininairand then
baking at 150 °C for 30 minin a N,-filled glove box. A 0.7 wt% solution
of poly(9,9-dioctyl-fluorene-co-N-(4-(3-methylpropyl))diphenylamine
(TFB; Sumitomo Chemical; molecular weight of -300,000) dissolved
inoxylene was spin-coated over the PEDOT:PSS layer at 2,000 rpm for
405, followed by baking at 150 °C for 30 minin aN,-atmosphere glove
box. The QD EML (28 nm/13 nm) over the TFB layer was prepared as fol-
lows. C/S/S-CI(l) in octane (15 mg ml™) was spin-coated at 3,000 rpm for
10's, and the film was baked at 80 °C for 20 min under N,. Then, 0.7 M
ZnCl,in ethanol was drop-casted onthe bottom QD layer and kept there
for 60 s, and then the film was spun at 1,000 rpm for 40 s. To remove
extraZnCl,, two consecutive rinsing steps with neat ethanol were car-
ried out by spin-coating, and the film was baked at 80 °C for 20 min. To
make the top EML, C/S/S-CI(l) in octane (15 mg ml™) was spin-coated
overthebottomlayerat3,000 rpmfor10s. Asolution of ZnMgO nano-
particles (12 mol% Mg, 70 mg ml™ in ethanol), prepared accordingtoa
previous reported method*, was spin-coated at 4,000 rpm for10 s and
annealed at 80 °C for 30 minunder N,. The thicknesses of the QD layers
and the ZnMgO layer were controlled by the spin speed. An aluminium
cathode was deposited by athermal evaporator atarate of 1A s under
vacuum (<5x107torr), and then the device was encapsulated in cover
glass. The EOD was prepared with the structure ITO (150 nm)/ZnMgO
(20 nm)/QD/ZnMgO (20 nm)/Al (100 nm) via spin coating. The HOD
was prepared with the structure ITO (150 nm)/PEDOT:PSS (30 nm)/
TFB (25 nm)/QD/TCTA (36 nm)/HATCN (10 nm)/Ag (100 nm). All lay-
erswere processed according to the method described above, except
for tris(4-carbazoyl-9-ylphenyl)amine (TCTA) and 1,4,5,8,9,11-hexa-a
zatriphenylene hexacarbonitrile (HATCN), which were deposited by
thermal evaporation. The device performance was determined using
aCS-2000A spectroradiometer (Minolta) and asource meter (Keithley
2635B). The lifetimes of the QD-LEDs were measured by an in-house
setup with a multi-channel system consisting of an embedded pho-
todiodeinatemperature/humidity-controlled chamber (23 °C, 45%).
Theelectrochemicalimpedance spectra of the device were measured
using an SP-300 impedance analyser (Biologic).

Modelling

The computations were carried out using the pseudo-potential DFT
method with a plane-wave basis set®. The exchange correlation of
electrons was treated within the generalized gradient approximation
of Perdew-Burke-Ernzerhof®. The cut-off energy for the expansion of
wave functions and potentials in the plane-wave basis was chosen to
be 400 eV. We used the projector-augmented wave pseudo-potentials
of the Vienna ab initio simulation package®*. Brillouin zone sampling
for the (100) Zn surface with 15 A slab thickness was performed with
3x3x1and5 x5 x1grids for the ionic relaxation and the DOS cal-
culation, respectively. For bandgap corrections, we used the Heyd-
Scuseria—Ernzerhof hybrid functional® for the DOS calculations.



Atomic relaxation was carried out until the Hellmann-Feynman forces
werelessthan 0.02 eV A™. The vacuum layer in the supercell was set as
15 A to minimize the artificial interlayer interaction. The ligand binding
energywas estimated as EBinding = E(ZnS-Iigand) - (EZnS +ﬂligand)' where E(ZnS-ligand)
and E;sare the total energy of the passivated and bare slab, respectively,
and .4 s the chemical potential of the ligand. The chemical potentials
of Cl, Zn and acetate were referenced from Cl, (gas) (3.575 eV per Cl,)
and zinc acetate (87.79 eV per zinc acetate). The binding energy was
calculated ina Zn-rich environment at y, = tzn i) (1.10 €V per Zn).

Effective-mass approximation calculation

The emission wavelengths of ZnTe,Se,_,/ZnSe/ZnS (x=0, 0.033 and
0.067) QDs were calculated with effective-mass approximation. The
electron effective masses of ZnTe, ZnSe and ZnS used in the calcu-
lation were 0.09, 0.16 and 0.39, and the hole effective masses were
0.6, 0.75 and 1.76; the corresponding relative permittivities were
10.3,9.1and 8.9 (ref. *®). The overall effective mass and relative per-
mittivity of the ZnTe,Se,_, coreis averaged by the mole fraction of the
elemental components, and the bulk energy bandgap is derived as
E,=2.72-1.837x +1.450x (ref.**). The bulk energy bandgap of ZnS is
3.68 eV (ref. ¥). The valence band offset between ZnTe,Se,_. and ZnSe
forx=1/30andx=1/15is 0.06 and 0.12 eV, respectively*®, and the offset
between ZnSe and ZnS is 0.52 eV (ref. ).

Data availability

All data generated or analysed during this study are included in the
paper and its Supplementary Information files.
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Extended DataFig.1| Characterization of core, C/S and C/S/S QDs.

a, Particle-size distributions of core, C/S and C/S/S QDs, determined from the
respective STEM images in Fig. 1. b, Elemental mapping of C/S/S QDs obtained by
STEM-EDX. ¢, XRD patterns of core, C/S and C/S/S QDs, together with the
reference zinc blende structure of ZnSe (X-ray diffraction pattern PDF

00-037-1463) and ZnS (PDF 00-005-0566). d-f, Contour maps of the calculated
emission wavelength of ZnTeSe/ZnSe/ZnS (with a fixed ZnS thickness of 1.2 nm)
as afunctionof ZnTe,Se,_, core size and ZnSe shell thickness for x=0 (d),
x=0.033 (e) and x=0.067 (f). The starin f corresponds to the C/S/S QD
showninFig.1.
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Extended Data Fig. 6 | Statistics of device performance. a, b, Distributions of
maximum EQE (a) and maximum brightness (b) obtained from 90 QD-LEDs with
double EML. ¢, Operational lifetimes of QD-LEDs with a double EML consisting
of C/S/S-CI(1) over C/S/S-CI(f) for different initial brightness values. d, Measured
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estimated by fitting with the empirical equation L x T5o= constant, where L, is
theinitial brightness and nis the acceleration factor.
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Extended Data Fig. 7 | Characterization of single-carrier devices. a-f, Current C/S/S-ClI(l) and C/S/S-CI(f) QDs (a-c) and EODs with C/S/S, C/S/S-CI(l) and
density-voltage characteristics and mobilities calculated from the fitting curves C/S/S-CI(f) QDs (d-f). g, h, Mott-Schottky analysis of HODs (g) and EODs (h)
using the space charge-limited current model (SCLC) for HODs with C/S/S, with no QDs and with C/S/S, C/S/S-CI(I) and C/S/S-CI(f) QDs.
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Extended DataFig. 8 | Analysis of double-EML devices. a-c, Voltage-dependent
electroluminescence spectra of QD-LEDs with double EML, consisting of a C/S/S
top layer with red-emitting InP/ZnSe/ZnS QDs and different bottom EMLs:

C/S/S (a), C/S/S-CI(l) (b) and C/S/S-CI(f) (c). The insets show electroluminescence
spectraat low voltages. d, Complex modulus spectra measured at various
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voltages before and after the Ty, lifetime test for QD-LEDs with C/S/S-CI(f). The
real (horizontal axis) and imaginary (vertical axis) moduli were calculated using
the equation M=iwZ, whereiis the imaginary unit, w is the frequency and Zis the
compleximpedance®. The grey arrow shows the direction of increasing
frequency.
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Extended Data Table 1| Quantitative analysis of surface ligands

cisis cisis-Cl(f) | cIsIs-CI(f
O e o™ 10.8
Surface aree ofar (™) 699.8
Zn5e v Ao TN 2,010,764
T et aaromes0z0 16,268
e e oeatg e AP 4,765
o 1.3 7 -
Relaiive O conceriration 1 065 03
Number of OA ligands / QD 907 562 272
Bound Zn suriace With OA (%) 38% 24% 1%
Cl/zn mole ratio 0.01 0.10 0.18
Number of Cl atoms / QD 163 1,611 2,847
Bound Zn suriace With CI (%) . 68% 119%
Total bound Zn surace (%) 38% 91% 131%

In the calculations, we assumed that a QD has a cubic shape with (100) facets and that all the outer atoms on the surface are Zn atoms. The number of OA ligands per QD particle was calculated
using the weight loss from TGA (Extended Data Fig. 3d) and the relative intensity changes at 1,545 cm™ in the FT-IR analysis (Extended Data Fig. 3e). The number of Cl atoms was calculated
based on the elemental ratio obtained from the XPS analysis (Extended Data Fig. 3i-1). According to our DFT modelling, the Zn atoms are assumed to coordinate with OA or Clin bidentate mode
(Fig. 2c).




Extended Data Table 2 | Comparison of state-of-the-art blue QDs and blue QD-LEDs reported in the literature with those
described here

QD QD-LED
(PL) (EL) o
structure ‘Vavelength FWHM PLQY  EQE  Brightness Wavelength FWHM Tso,recacuse  Lifetime HUEELTE B
(nm) (nm) (%) (%) (cd m?) (nm) (nm) (h@100 cd m?) (As reported)
CdzZnS 433 1.7 2,250 437 Nano Lett. 12, 2362 (2012) 40
CdznS 452 98 71 2,624 452 31 ACS Nano. 7, 7295 (2013) 41
CdzZnS 10.7 4,000 455 20 1,000 Nat. Photonics. 9, 259 (2015) 9
T50=0.5h ACS Appl. Mater. Interfaces.
CdSe 466 87 19.8 4,890 468 20 16 (1,008 od m?) 9, 38755 (2017) 7
T70=47h
CdzZnS 442 93 15.6 4,500 445 25 566 2 Nanoscale. 9, 13583 (2017) 42
(420 cd m™)
CdZnSe 454 13.2 20,900 462 30 355 ACS Photonics. 5, 939 (2018) 43
CdzZnS 441 15 100 18 6,768 445 19 474 Nanoscale. 10, 5650 (2018) 44
T50=23h
CdZnSeS 12,5 2,500 467 727 (1,000 od m?) Nat. Commun. 10, 765 (2019) 10
CdZnSe 73 8.1 62,600 477 7,000 Nat. Photonics. 13, 192 (2019) 45
CdSeS 10 480 10,000 Nat. Commun. 11, 937(2020) 8
InP 477 44 76 90 488 45 J. Mater. Chem. C. 5, 8243 (2017) 12
InP 480 45 81 1.01 3,120 488 50 2 J. Phys. Chem. Lett 11, 960 (2020) 13
ZnSe 414~425 14~17 70 Dalt. Trans., 10534 (2009) 46
ZnSe 390~460 21~30 45 Chem. Commun. 46, 7331 (2010) 14
1.5
ZnSe 439 11 60 (0.50d/A) 1,170 441 15 Appl. Phys. Lett. 103, 053106 (2013) 47
ZnSe 435 16 40 435 Org. Electron. 15, 126 (2014) 48
ZnSe 425 80 7.4 2,856 429 21 Org. Electron. 25, 178 (2015) 49
ZnSe 440~455 12~20 83 7.83 2,632 429 20 Nanoscale. 7, 2951 (2015) 50
T50=5min ACS Appl. Mater. Interfaces.
ZnTeSe 441 32 70 4.2 1,195 445 0.24 (200 od m?) 11, 46062 (2019) 16
ZnTeSe 445 27 84 9.5 2,904 445 ACS Energy Lett. 5, 1568 (2020) 17
ZnSe 430 18 85 Nano Lett. 20, 2387 (2020) 51
ZnTeSe 457 36 100 20.2 88,900 460 35 15,850 This work

Previous data from refs, 7-1012-14161740-51,
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